Abstract: Many interactions between proteins are mediated by intrinsically disordered regions (IDRs). Intrinsically disordered proteins (IDPs) do not adopt a stable three-dimensional structure in their unbound form, but they become more structured upon binding to their partners. In this communication, we study how a bound IDR adapts to mutations, preventing the formation of hydrogen bonds at the binding interface that needs a precise positioning of the interacting residues to be formed. We use as a model the YAP:TEAD interface, where one YAP (IDP) and two TEAD residues form hydrogen bonds via their side chain. Our study shows that the conformational flexibility of bound YAP and the reorganization of water molecules at the interface help to reduce the energetic constraints created by the loss of H-bonds at the interface. The residual flexibility/dynamic of bound IDRs and water might, therefore, be a key for the adaptation of IDPs to different interface landscapes and to mutations occurring at binding interfaces.
Introduction
The Lock and Key model was an early attempt to explain the selectivity of the interactions between a protein and its ligand. In this model, the optimal ligand (key) has the right shape and size to fit into the keyhole of the protein (lock). This model, where both interacting partners have a precise/fixed geometry, gives a very static view of the interactions involving proteins. With the availability of more structural data, it became apparent that the flexibility of the binding partners is an important feature in molecular recognition. This led to the development of new models where the conformational flexibility of the interacting partners is integrated into the binding process. Today there are two models that have been extensively discussed in the literature. [1] [2] [3] [4] In the conformational selection model, one of the two partners binds to a specific conformation (or a small subset) the other binding partner can adopt in its unbound state. In the induced fit model, the initial interaction between the two partners is followed by a conformational change that leads to the final complex. The frontier between both mechanisms may not be so strict, since both the protein dynamics and the ligand concentration can shift the binding mechanism. 5 Furthermore, it is conceivable that binding processes may involve both conformational selection and induced fit.
In the past few years, a new area in molecular recognition has emerged with the study of intrinsically disordered proteins (IDPs) or intrinsically disordered regions (IDRs) of proteins. IDPs/IDRs do not have a fixed three-dimensional structure in their unbound state, but they become more structured once they are bound to their partner(s). It should be kept in mind that IDPs/IDRs may have some level of structural organization (e.g., transient secondary or molten-like structures) in their unbound form. The interesting properties of IDPs/IDRs have prompted numerous investigations, and many studies have focused on their binding mechanism (see e.g., Refs. [ [6] [7] [8] [9] . Some of these studies used kinetics methods (φ-value analysis 10 ) to probe the transition state and thus map the interactions established during the binding process (see e.g., Refs.
[ [11] [12] [13] [14] . A -very cautious -interpretation of the data obtained from the limited number of systems studied so far suggests that IDPs/IDRs fold after binding 9 and that hydrophobic residues located at the interface are important for this step. However, in view of the diversity of IDPs/IDRs and their binding partners, they may not all follow the same mechanism for binding.
In this manuscript, we are focusing on a different aspect of the interaction between an IDR and its binding counterpart. The aim of this work was to study the effect of mutations that prevent the formation of hydrogen bonds between the side chains of the two interacting partners at the binding interface. As H-bonds require a precise geometry to be formed, this study should enable us to determine how a bound IDP/IDR adapts to the loss of the structural constrain required for its formation. Furthermore, since water is important for the dynamics of H-bonds, this analysis should provide an insight into the contribution of water molecules in maintaining/ establishing H-bond networks at the binding interface between an IDP/IDR and its target. As a model, we use the YAP:TEAD interaction. The TEAD binding region of YAP is a bona fide IDR, since it adopts a random coil conformation in solution.
15 YAP binds to TEAD, which is a well-folded and rather a rigid partner, via two main secondary structure elements, an α-helix and an Ω-loop. 16, 17 The interface at the Ω-loop binding site is key for the YAP:TEAD interaction [16] [17] [18] and, within this region, Ser94 YAP makes hydrogen bonds with Glu263 TEAD4 and Tyr429 TEAD4 [ Fig. 1(A) ]. The mutation of these residues significantly affects the YAP:TEAD interaction as measured in biochemical or cellular assays. 16, 17, 19 This interaction, which requires the formation of two well-defined hydrogen bonds, therefore, represents a good model for the purpose of this study.
Results

Biochemical study of the YAP:TEAD complexes
The affinity (K d ) of wt YAP for the different TEAD4
proteins was measured by surface plasmon resonance [SPR; Fig. 1 (B) and complex is not sufficient for them to be appreciated.
Structural study of the YAP:TEAD complexes
Synthetic peptides mimicking the region 60-100 of wt YAP and Ser94Ala YAP were co-crystallized with the different TEAD4 proteins and the structures of these eight complexes were determined by X-ray crystallography (Table S1 ). Fig. 3(A) ]. This movement, which TEAD4 complex and a new structure was solved by X-ray crystallography (Table S1 ). The same movement of YAP around position-94 is observed in this additional structure ( Fig. S1 ) indicating that it is the presence of Phe429 TEAD4 at the interface and not the crystallization conditions which induce the shift of Fig. 3(D) ] occupies the position of Ser94-OH YAP when Tyr429 TEAD4 is present at the interface. This shows that as soon as an H-bond donor/acceptor atom is absent at the interface, its position is occupied by a water molecule which helps maintaining the cohesiveness of the H-bond network between the two interacting proteins. These changes in interfacial water are not only passive events, where water comes to fill empty cavities, but, as observed with W6, they can require readjustments at the expense of conformational constraints (e.g., effect on the dihedral angles of Ala94 YAP ) in the final complex.
Thermodynamic study of the YAP:TEAD complexes
The effect of the different mutations on the YAP: TEAD interaction was studied by Isothermal Titration Calorimetry (ITC). ITC measures the change in heat signal which results from the multiple events taking place during a binding reaction (e.g., breaking/ formation of interactions, conformational changes, exchange of protons with the buffer, etc.). The precise interpretation of ITC data is, therefore, often challenging. 21 The two thermodynamic parameters enthalpy (ΔH) and entropy (ΔS) derived from ITC experiments measure the overall difference between the unbound and bound states of a system. Even if YAP is an IDR, it may adopt transient structures in its unbound form and the Ser94Ala YAP mutation could then affect the dynamics between them and consequently the ground state of the system. Therefore ΔH and ΔS would also reflect this effect, which cannot be appreciated from the analysis of the structures of the YAP:TEAD complexes. Keeping this in mind, we voluntarily limited our analysis to avoid any overinterpretation of the data.
In line with the structural data, the stoichiometry of the different complexes is 1 (0.93 ≤ n ≤ 1.1, Table II ). The K d values obtained by ITC (Table II) and those measured by SPR (Table II) are in good agreement, with less than a 2.2-fold difference. The ΔH obs and -TΔS values for the different complexes are given in Table II complexes, making it difficult to interpret the thermodynamic data. In contrast to the two other single mutations, which affect only ΔS, the Ser94Ala YAP mutation significantly alters both ΔH (ΔΔH obs = 2 kcal/mol) and ΔS (Δ-TΔS = 0.72 kcal/ mol) (Table II) . We also mentioned that the wt YAP :
Glu263Ala -Tyr429Phe   TEAD4   and  Ser94Ala  YAP : wt TEAD4 complexes have a very different affinity, whereas they might be expected to be similar in this respect. The ITC data show that this difference has an entropic origin, since both complexes have a similar ΔH (ΔΔH obs = −0.15 kcal/mol) but a significantly different TΔS (Δ-TΔS = 1.59 kcal/mol). The Ser94A-la YAP :wt TEAD4 and Ser94Ala YAP :Glu263Ala TEAD4 complexes, which have a similar structure [ Fig. 2(E) and (G)], also have much the same thermodynamic properties (Table II) . This also applies to the Ser94A-la YAP :Tyr429Phe TEAD4 and Ser94Ala YAP :Glu263Ala-Tyr429Phe TEAD4 complexes [ Fig. 2(F) and (H) and 
Discussion
IDPs/IDRs are flexible entities in their unbound form, and they fold when they bind to their interacting partners. However, the fact that IDPs/IDRs become structured in their bound state does not necessarily mean they are completely rigid and have lost all their flexibility. Indeed, it has been shown that IDPs/IDRs retain some dynamic properties once they are bound to their target (e.g., Refs.
[ [22] [23] [24] ). The ability to preserve some flexibility once they are part of a complex may allow IDPs/IDRs to bind to different binding interfaces and/or to minimize the entropic cost associated with folding upon binding. This also suggests that the residual flexibility of bound IDPs/IDRs could allow them to adapt to mutations at binding interfaces to some extent. In this study, we looked at the ability of a bound IDR to adapt to mutations that delete H-bonds which it engages with its interacting partner. H-bonds require a precise positioning of the interacting residues, and we were interested to determine how a bound IDR can adapt to the loss of these geometrically constrained interactions. Furthermore, residues that form H-bonds can also interact with water molecules. This study should, therefore, provide an insight into the contribution of water to the binding of IDRs. We used the interaction between Ser94 YAP and Glu263/Tyr429 TEAD4 , which form two well-defined H-bonds at the interface of the YAP:TEAD complex [ Fig. 1(A) ], as a model system. Ser94 YAP is in a region of YAP that folds in an Ω-loop conformation upon binding to TEAD, and this binding interface is key to the formation of the YAP: TEAD complex interaction. [16] [17] [18] Our results show that none of the tested mutations of these three residues induces significant changes in the main chain of the rigid partner, TEAD4. In contrast, some of the mutations affect the position of the main chain of YAP, and we observed its movement in two opposite directions. In the four complexes formed with Phe429 TEAD4 , YAP moves toward TEAD, but in the two complexes where both Tyr429 TEAD4 and Ala94 YAP are present, YAP moves away from TEAD. In this case we also noticed a change in the dihedral angles of Ala94 YAP when compared to Ser94 YAP in the wt complex. Ala94 YAP adopts a conformation which is closer to that found in 3 10 helices than the α-helix conformation observed for Ser94 YAP in the wt complex. This movement shows that an IDR can adapt to different interfaces by assuming different conformations, even if some of them create constrains in its bound structure. These conformational changes do not come in isolation, and Table II . Thermodynamic analysis of the interaction between the different TEAD4 variants and wt/Ser94Ala water plays an active role in facilitating them. In the different mutant complexes, water molecules occupy the position of the mutated residues or of those that have moved (e.g., His427 TEAD4 ). Water is, therefore, instrumental in maintaining the hydrogen bond network between both proteins and minimizing any binding energy penalties resulting from desolvation. These findings highlight the importance of including the contribution of water when studying the interaction between IDPs/IDRs and their targets. As IDPs/ IDRs are largely solvated in their unbound conformation, water might also be crucial at this stage, playing an important role in establishing/maintaining the dynamics between the different forms they can adopt in solution. The "teamwork" between YAP/TEAD and the water molecules we describe in this study is essential for finding new energy minima to compensate for the loss of these key interactions at the interface. The conformational and solvation changes induced by the mutations lead to complex thermodynamic signatures. The measured effects on ΔH and ΔS are, therefore, composite values reflecting the different readjustments taking place at the binding interface. We have formulated different hypotheses to interpret these data, but the use of computational methods may allow greater insight to be gained into the individual energetic contributions that lead to these thermodynamic profiles.
Overall, this study reveals the adaptability of bound IDR to the loss of geometrically constrained bonds at a binding interface. Our work was conducted using the YAP:TEAD interface as a model, and it is, of course, difficult to extrapolate our findings to other IDPs/IDRs. Nevertheless, it is reasonable to speculate that the residual flexibility of bound IDRs/IDPs may help them adapt not only to different binding interfaces but also to mutations at these interfaces. This could be an evolutional advantage to maintain existing or create new interactions in cells. The concepts of "frustrated interfaces" and of "fuzzy complexes" have been used to describe complexes involving IDPs/ IDRs 25, 26 ; our findings continue along these lines and exemplify the exquisite structural malleability of these proteins or protein fragments.
Material and methods
Proteins
Wild-type N-Avi-tagged human TEAD4 Figure S3 .
SPR
The experimental conditions used in SPR have been previously described. 19 The dissociation constants, K d , measured by SPR were obtained from equilibrium data. Representative sensorgrams are presented in Figure S4 .
ITC
The proteins were dialyzed overnight at 277 K in the HEPES ITC assay solution: 50 mM HEPES, 100 mM KCl, 0.25 mM TCEP, 1 mM EDTA, 2% DMSO, pH 7.4. The dialyzed proteins were centrifuged at 14,000 rpm for 30 min at 277 K and their concentration determined by HPLC as previously described.
27
ITC measurements were made in a MicroCal PEAQ-ITC (Malvern, UK). The calorimeter was checked regularly over the entire course of the experiments using the EDTA-CaCl 2 test kit provided by the manufacturer (Malvern Instruments, Malvern, UK). Before each experiment, the solutions were filtered and degassed. In all the experiments, YAP (~150 μM) was in the cell and TEAD4 (~15 μM) in the syringe. For the experiments carried out in different buffers, TRIS and PIPES were chosen because their pK a is within 1 pH unit of the HEPES ITC assay solution pH and because the ionization enthalpy of these buffers differs from that of HEPES (see legend of Fig. S2 ). The assay solutions containing TRIS and PIPES were tested using a conductivity meter (Mettler Toledo, Columbus, OH) and their [KCl] was adjusted such that their conductivity was equal to that of the HEPES ITC assay solution (13.1 AE0.2 mS/cm at 298 K; final [KCl] for the TRIS and PIPES buffer, 80 and 65 mM, respectively). Aliquots of 2 μL (first injection 0.5 μL) were injected into the cell for 4 s at 150 s intervals with constant stirring (750 rpm). A titration was completed after 19 injections. The heat of dilution was measured by injecting TEAD4 into the cell containing only the assay solution. These values were subtracted from the heat of reaction generated during the titration of YAP. The baseline of the thermograms was eventually adjusted manually and the corrected heat of reaction values fitted using the MicroCal PEAQ-ITC Analysing Software (Malvern Instruments, Malvern, UK) using a single site binding model. . Representative thermograms are presented in Figure S5 .
To determine the influence of protonation/deprotonation processes on the measurement of binding enthalpy (ΔH obs ), 29 plots of ΔH obs versus ΔH ioni (ionization enthalpy of the buffer) were constructed (Fig. S2 ). This analysis reveals that no significant exchange of protons takes place with the buffer during the formation of the wt YAP :wt TEAD4 complex (n H+ = −0.11 AE0.06). The enthalpy in the absence of a buffer effect, ΔH nbe (−13.0 AE0.5 kcal/mol), is similar to ΔH obs measured in HEPES buffer (−13.0 kcal/mol, Table II 
X-ray structural studies
The TEAD4 217-434 proteins used for crystallization were obtained as previously described. 27 Synthetic peptides mimicking the region 60-100 of hYAP, wt YAP , or Ser94Ala
YAP were used to obtain co-crystals with the TEAD4 proteins. All the crystallization experiments were carried out at 293 K using the sitting drop vapor diffusion method. The drops were made up of 0.2 μL of protein solution, 0.16 μL of reservoir solution and 0.04 μL of seeding solution (using the automated microseed matrix-seeding method 30 (w/v) PEG3350, 0.2 M sodium acetate trihydrate pH 7.0. All crystals were cryo-protected in reservoir solution supplemented with 20% ethylene glycol and flash-frozen in liquid nitrogen. X-ray data sets were collected at the Swiss Light Source Facility (SLS, Villigen, Switzerland) on beamline X10SA. The data were processed with XDS. 31 The structures were determined by molecular replacement (PHASER 32 ) using various previous in-house TEAD4 X-ray structures as search models. Programs REFMAC 33 and COOT 34 were used for refinement and model (re)building. The final refined structures have R (R free ) values of 0.218-0.243 (0.261-0.350) and showed excellent geometry in the Ramachandran plots. The details of data collection and structure refinement are given in Table S1 . ).
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